A composite with SiO, nanoparticles confined in 
carbon framework as an anode material for lithium 
ion battery+ 
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A composite with ultrafine SiO, (x = 1.57, around 2 nm) nanoparticles confined in a carbon framework is 
In the 
composite, the carbon framework can provide a consecutive network to improve the electrical 


synthesized by a simple thermopolymerization process and subsequent heat treatment. 


conductivity of the composite and cushion the volume expansion to prevent the active material peeling 
from the current collector. The ultrafine SiO, nanoparticles can alleviate mechanical strain and shorten 
the diffusion/transport distance of lithium ions and electrons. In consequence, the as-synthesized 
composite delivers a high reversible capacity of 540 mA h g™* at a current density of 500 mA g™* after 
200 cycles. The composite delivers good electrochemical performance, making it a promising candidate 


for the next-generation high-energy LIBs. 


1. Introduction 


Lithium-ion batteries (LIBs) with high energy density and long 
cycle life have extensive applications in portable electronic 
devices, transportation, and renewable energy storage.** Si-based 
materials are promising candidates to replace currently 
commercialized carbon materials due to their safety, abundance, 
and high theoretical specific capacity of 4200 mA h g~', which is 
much higher than that of graphite (372 mA h g7’).?"* However, 
the application of Si-based materials is stopped by large volume 
expansion and low electrical conductivity,“ resulting in 
pulverization of Si particles," continuous solid electrolyte inter- 
face (SEI) film formation, and rapid capacity loss.””?? Much 
attention has recently turned to SiO, (0 < x = 2) as an anode 
material for LIBs due to its low voltage and relatively stable cycling 
performance.” Compared to Si-based anodes, it undergoes 
much less volume expansion due to the inactive products of sili- 
cate/Li,O, which can buffer the volume expansion.”4 Furthermore, 
amorphous state could deter the particle pulverization and frac- 
ture due to strain nonuniformity during charge/discharge 
process. However, the main barrier which limits the practical 
application of SiO,-based materials is its low electrical conduc- 
tivity, resulting in poor rate capability.”°” 

To settle those issues, investigations on SiO,-based materials 
with many strategies have been studied for solving the adverse 
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effects and improving the electrochemical performance of SiO, 
anodes.””** One strategy is to employ SiO, nanostructures of 
various morphologies, such as SiO, films,*° hollow/porous struc- 
ture,****> which would be favorable for shortening the diffusion 
distance of Li* and enhancing rate capability of SiO,. For example, 
hollow SiO, nanospheres were prepared for LIBs, and exhibited 
high cycle performance for 500 cycles.** Another strategy is to use 
SiO,/carbon composites.”*”**”*8 Carbon can not only enhance the 
electrical conductivity of the composite, but also suppress the 
aggregation of SiO, particles. Recently, Chen's group prepared 
nano-SiO,/carbon composite as anodes for LIBs,” which pre- 
sented a reversible capacity of 620 mA hg‘ at a current density of 
100 mA g`“ after 300 cycles. Our previous report noted that 
hollow-silica-copper-carbon (H-SCC) nanocomposite showed 
a high reversible capacity as an anode for LIBs.*” However, the 
electrochemical performance of SiO, is still not satisfactory and 
can't satisfy the demands for the practical application. 

Here, we demonstrate a high reversible capacity and good 
cycling performance anode for LIBs. A composite, SiO, (x = 
1.57) nanoparticles with a particle size of around 2 nm 
embedded in carbon framework (SiO,/C NPs), is prepared by 
using tetraethoxysilane (TEOS) and phenol formaldehyde resin 
as silicon and carbon source, respectively. The carbon frame- 
work can prevent the SiO, nanoparticles from shedding, 
enhance the electrical conductivity of the composite, and 
accommodate the volume expansion of SiO, during charge- 
discharge process. The ultrafine SiO, nanoparticles can effec- 
tively decrease the diffusion/transport distance of lithium ions 
and electrons, alleviate the large strain of SiO, induced by Li* 
insertion/extraction. When used as an anode material for LIBs, 
the as-prepared SiO,/C nanocomposite exhibits high capacity 
and excellent rate capability. 


2. Experimental 
2.1 Materials preparation 


In a typical preparation process, 1.0 g block copolymer F127 was 
dissolved in a mixture of 5.0 g of absolute ethyl alcohol and 1.0 g 
of 0.2 M HCI and stirred for 30 min at 40 °C to obtain a clear 
solution. Then, 1.58 g TEOS and 1.0 g phenol formaldehyde resin 
were added into the above solution, respectively. After stirred for 2 
h at room temperature, the mixture was transferred into an oven 
at 100 °C for 24 h to thermopolymerize. The as-prepared products 
were ground into powders. The sample was thermally treated at 
900 °C for 5 h under argon atmosphere with a ramping rate of 5 °C 
min‘ and then naturally cooled down to room temperature. 


2.2 Characterization 


XRD measurements were carried out using an AXS D8 Advance 
Diffractometer at a scanning rate of 2° min * in the range of 10- 
90°. The morphology of the samples was examined by a Hitachi S- 
4800 field emission scanning electron microscope (SEM) and an 
FEI Tecnai G2 F20 transmission-electron microscopy (TEM) with 
an accelerating voltage of 200 kV. The BET specific surface area 
was recorded by an ASAP 2020M (Micromeritics Instrument Corp., 
USA). FTIR measurements were conducted using a NICOLET 6700 
machine (Thermo Fisher Scientific, USA). Thermal gravimetric 
analysis (TGA) was performed for the composite under air by 
a TGA machine (Pyris Diamond) employing at a heating rate of 10 
°C min * to determine the content of SiO, in the composite. X-ray 
photoelectron spectroscopy (XPS, AXIS UTLTRA DLD, Japan) was 
measured for the composite. 
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2.3 Electrochemical tests 


The electrodes were fabricated using the mixture the as-prepared 
composite, acetylene black and carboxymethyl cellulose (CMC) 
with a mass ratio of 8: 1:1. Metallic lithium was used as the 
counter and reference electrode. The electrolyte was comprised of 
a 1 M LiPF, solution in fluoroethylene carbonate (FEC), dimethyl 
carbonate (DMC) and ethyl methyl carbonate (EMC) (1: 1:1 by 
volume). Coin cells (CR 2032) were assembled in a glove box filled 
with high-purity argon. The charge-discharge tests were 
measured on a LAND CT2000 battery system within a voltage 
range of 0.01-1.5 V (vs. Li‘/Li). Cyclic voltammetry (CV) were 
performed on a CHI660 Electrochemical Workstation (Shanghai 
Chenhua) in a potential window from 0.01 to 1.5 V (vs. Li*/Li) at 
a scan rate of 0.05 mV s +. Electrochemical impedance spectros- 
copy (EIS) were performed on a 1470E Electrochemical Interface 
(Solartron Analytical, UK) electrochemical workstation in the 
frequency ranging from 1 MHz to 10 mHz. 


3. Results and discussion 


Fig. 1 shows the fabrication procedure of a composite with 
confined SiO, nanoparticles in carbon framework. First, TEOS 
hydrolyzed and phenol formaldehyde resin thermopolymerized 
at 100 °C for 24 h. Then, the composite was synthesized by heat 
treatment at 900 °C for 5 h under argon atmosphere. XRD 
patterns of the SiO,/C NPs are shown in Fig. 2a. The composite 
shows a broad peak at 20 = 22.1°. Fig. 2b is the FTIR spectra of 
the SiO,/C NPs. There are three peaks about at 1100, 801, and 
472.6 cm" ascribed to SiO,.°° To obtain the weight of SiO, in 
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Fig. 1 Schematic illustration of the synthesis process of the SiO,/C NPs. 
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(a) XRD patterns of the as-synthesized SiO,/C NPs. (b) FTIR spectroscopy of the SiO,/C NPs. 
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Fig. 3 XPS spectra for the SiO,/C NPs: (a) Si 2p; (b) C 1s; (c) O 1s. 


the composite, we carry out TGA experiment for the composite 
under air atmosphere. As shown in Fig. S1,t the SiO, content in 
the composite is about 83.71%. More detailed analysis is carried 
out using XPS measurements (Fig. 3). The results in Fig. 3a show 
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three peaks of the chemical bond types of silicon. The peaks at 
about 103.1 eV and 107.3 eV are SiO}, and the peak at 104.0 eV 
corresponds to SiO,.*° The carbon in Fig. 3b is graphitic C at 
284.4 eV. The other two types of C correspond to oxygen bridged 
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Fig. 4 adsorption-desorption isotherm (a) and pore size distribution (b) of the SiO,/C NPs; adsorption—desorption isotherm (c) and pore size 


distribution (d) of the porous carbon. 
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C (C-O) at 286.6 eV, and aromatic C bonded with O (C=O) at 
288.1 eV. As shown in Fig. 3c, three types of O bonding states are 
identified and corresponding to C-O at 532.8 eV, O=C-O at 
533.8 eV, and carboxylic O at 535.9 eV, respectively. 

To gain the particle size distribution of SiO, in the 
composite, the corrosion of the composite is conducted in 1.0 M 
NaOH aqueous solution for 4 h. After corrosion, the remaining 
substance is carbon and SiO, dissolves. The N, absorption/ 
desorption isotherms for the SiO,/C NPs and porous carbon at 
77 K are shown in Fig. 4. The specific surface area of the SiO,/C 
NPs is around 111 m° ¢g’ * (Fig. 4a) and the pore size distribution 
of the SiO,/C NPs possesses a mesoporous characteristic at 
around 37 nm (Fig. 4b), which may correspond to adsorption 
cumulative volume of the composite. After corrosion, Fig. 4c 
shows the characteristics of type IV with a hysteresis loop, 
demonstrating the existence of mesopores (2-50 nm) in porous 
carbon. The specific surface area of the porous carbon is about 
596 m° g™*. A narrow pore size distribution (2 nm) can be 
distinguished from Fig. 4d, compared with Fig. 4b. We can 
speculate that the composite can achieve high rate capabilities 
due to the following merits. First, high specific surface area can 
supply high contact area between electrolyte and SiO, particles. 
Second, ultrafine SiO, particles can shorten the diffusion/ 
transport distance of lithium ions and electrons. Third, the 
carbon framework can enhance the electrical conductivity of the 
composite and restrain the volume expansion of SiO,. 

Fig. 5 displays the SEM images of the SiO,/C NPs and porous 
carbon. The particle size distribution of the SiO,/C NPs ranges 
from 20 to 50 nm, as shown in Fig. 5a and b. The as-prepared 
composite consists of the SiO, nanoparticles and the carbon 
framework. The elemental composite of the SiO,/C NPs is 


determined by EDX, as shown in Fig. 5c and Table S1.f The 
contents of the Si, O, and C in the composite are 45.01%, 
40.27% and 14.72%, respectively, which is in accordance with 
the TGA result. The atomic percentages of Si and O are 29.98% 
and 47.09%, respectively, corresponding to the atomic ratio of 
1.57, which indicates that the value of x in the composite is 1.57. 
According to EDX results, the x value in SiO, is about 1.57, and 
after TGA treatment, SiO, is oxidized to SiO}. According to the 
above analysis, we can estimate the SiO, content in the 
composite is about 74.1%. The ultrafine SiO, nanoparticles are 
embedded in carbon framework. After corrosion, there is no 
obvious change between the composite (Fig. 5a and b) and 
porous carbon (Fig. 5d and e), which indicates that NaOH 
aqueous solution doesn't damage the morphology of the 
composite. Fig. S2+ shows the XRD patterns of porous carbon, 
which presents a weak and broad peak at around 24°. Fig. 5f and 
Table S2+ show the elemental composite of the porous carbon, 
in which there are no other elements, indicating that SiO, is 
completely corroded by the NaOH solution. 

The energy dispersive X-ray spectra (EDS) mapping was used 
to characterize the element distribution of the composite. As 
shown in Fig. S3,f the Si, O, and C elements show a homoge- 
neous distribution in the composite, which confirms that SiO, 
nanoparticles are uniformly embedded into the carbon frame- 
work. More detailed morphologies and structure were deter- 
mined by TEM. As shown in Fig. 6, TEM images of the SiO,/C 
NPs show irregular morphologies, and the carbon framework is 
amorphous. TEM images indicate that the particle size of the 
SiO,/C NPs is around 30 nm, which is consistent with the SEM 
results. From Fig. 6b, the ultrafine SiO, particles with a size 
distribution of around 2 nm are embedded in the amorphous 
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Fig.5 Low- (a) and high- (b) magnified FESEM images of the SiO,/C NPs, (c) EDX profile of SiO,/C NPs. Low- (d) and high- (e) magnified FESEM 
images of products obtained after corrosion of the composite using 1.0 M NaOH aqueous solution, (f) EDX profile of porous carbon. 
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carbon framework, which is in agreement with the BET results. 
Fig. S4+ shows TEM image (a) and elemental mapping images 
(b) C, (c) O, (d) Si of the SiO,/C NPs, which indicates that the 
three elements show a homogeneous distribution in the 
composite. 

To evaluate the electrochemical performance of the SiO,/C 
NPs, half cells using metallic lithium as the negative electrode 
are fabricated. The charge-discharge profiles of the composite 
are shown in Fig. 7a at a current density of 50 mA g* in 
a voltage window of 0.01-1.5 V. The first lithiation/delithiation 
capacities of the composite are 1457.9 and 646.6 mA h ¢“, 
respectively. The irreversible capacity loss during the first cycle 
Fig. 6 (a) Low- and (b) high-magnified TEM images of the obtained may be ascribed to the formation of SEI layer and the reduction 
SiO,/C NPs. of the SiO, to Si.*° The electrochemical reaction mechanism of 

SiO, are listed as follows, which has been reported before.” 
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Fig.7 (a) Galvanostatic charge/discharge profiles of the SiO,/C NPs anode at a current density of 50 mA g~*. (b) Cyclic voltammogram of the 1st 
to 5th cycle of the as-prepared SiO,/C NPs between 0.01 and 1.5 V (vs. Li*/Li) at a scanning rate of 0.05 mV s™+. (c) Rate capability of the SiO,/C 
NPs at different discharge currents. (d) Cycling performance of the SiO,/C NPs electrode at a current density of 500 mA gt. 


SiO, + 2xLi* + 2xe7 > xLi,O + Si (1) 
4SiO, + 4xLi* + 4xe7 > xLigSiOg + (4 — x)Si (2) 


Si + xLi* + xe” e Li,Si (3) 


In the first discharge profile, there are a series of slopes 
between 0.6 and 1.7 V, which may be caused by the decompo- 
sition of electrolyte and the formation of SEI film. The slope at 
around 0.4 V is related to reaction (1) and reaction (2), which are 
corresponding to the formation of irreversible Li,O and lithium 
silicate. Then, the slope at around 0.1 V involves Si alloy 
reaction (reaction (3)), which is related to the lithiation of the 
first cycle and subsequent many cycles. The charge/discharge 
capacities of the composite gradually increase for subsequent 
cycles, which may be attributed to the activation of the anode 
material.“ Fig. 7b shows CV curves of the composite in 
a potential window of 0.01-1.5 V (vs. Li*/Li) at a scanning rate of 
0.05 mV s * for the first 5 cycles. In the first half cycle, there are 
two reduction peaks at around 1.6 V and 0.85 V, respectively, 
which may be assigned to the decomposition of electrolyte and 
the formation of SEI film, which is in accordance with the above 
results. The following reduction peaks at around 0.4 and 0.1 V 
can be attributed to the irreversible formation of Li,O and 
lithium silicate and Si alloying with Li. In the case of another 
half cycle, there is a broad peak at around 0.45 V, corresponding 
to the extraction of lithium ion from Li,Si. From the CV curves, 
one can see that the peaks increase slightly with the cycles, 
demonstrating the activating process of SiO,/C NPs during the 
initial cycles, which is in good agreement with the charge/ 
discharge results. 

Fig. 7c shows the rate capability of the SiO,/C NPs. At 
a current density of 50 mA g~t, the discharge capacity is stable 
at around 780 mA h g *. The capacities gradually decease with 
the increase of the current densities. Notably, it could still 
deliver a reversible capacity of ~90 mA h g™* at a high current 
density of 5000 mA g” *. Moreover, the capacity could recover to 
its original value when the current density goes back to 50 mA 
g`". The cycle performance of the composite at a current density 
of 500 mA h g * is shown in Fig. 7d. After activation for 3 cycles 
at a low current density of 50 mAg’ *, a stable capacity of around 
540 mA h g * is obtained and no obvious capacity fading is 
observed even after 200 cycles, which is better than most 
previously reported results.’”"** 

To further find the reason for the excellent electrochemical 
performance of the SiO,/C NPs electrode, EIS is performed with 
a applied amplitude of 5 mV. The frequency range is set from 1 
MHz to 10 mHz, and EIS is performed on the composite after 
the 1st, 2nd and 50th cycle, respectively. The Nyquist plots 
consist of a depressed semicircle at high-frequency range and 
a straight line at low-frequency range. The diameter of the 
depressed semicircle corresponds to the resistance of the 
charge-transfer process of the electrode, while the straight line 
in the low frequency region represents the diffusion of Li ions in 
the SiO,./C NPs electrode. From the Fig. 8, it can be seen that the 
charge-transfer resistance slightly increases even after 50 
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Fig. 8 Nyquist plots of the electrode of the SiO,/C NPs after 1, 2 and 
50 charge-discharge cycles at 50 mA g “, obtained after charging to 
1.5 V. 


charge-discharge cycles, demonstrating that the electrode has 
a stable interface and the good reaction kinetics during charge- 
discharge cycles, which is consistent with the good electro- 
chemical performance of the SiO,/C NPs electrode. 

The good electrochemical performance could be attributed 
to the following facts: firstly, the carbon framework confined 
SiO, nanoparticles can offer mechanical support to buffer the 
strain associated with the volume change, effectively enhance 
the electrical conductivity of the electrode, protect the SiO, 
active material from the direct contact with electrolyte to avoid 
the continuous SEI film formation, and provide interconnected 
path for electrons and Li ions transport. Secondly, the ultrafine 
SiO, nanoparticles (2 nm) can not only alleviate the stress 
induced by lithium ions insertion/extraction, but also decrease 
the diffusion/transport distance of lithium ions and electrons 
during charge/discharge process. Finally, the irreversible Li,O 
and lithium silicate that formed during the first discharge 
process can buffer the strain induced by lithium ion insertion/ 
extraction processes. 


4. Conclusion 


In summary, a novel composite for high-energy LIBs with 
a structure of the SiO, nanoparticles confined in carbon 
framework is fabricated by a simple method. When evaluated as 
an anode material for LIBs, the as-synthesized composite 
exhibits good electrochemical performance. A high reversible 
capacity of around 540 mA h g * can be obtained at a current 
density of 500 mA g™* after 200 cycles. This good electro- 
chemical performance is ascribed to the carbon framework, 
which can supply conductive network to enhance the electrode 
electrical conductivity of the composite and buffer the volume 
expansion to prevent the aggregation, and the ultrafine SiO, 
nanoparticles, which can shorten the diffusion/transport 
distance of lithium ions and electrons. The developed SiO,/C 
NPs could be a promising anode material for the next- 
generation LIBs, and the fabrication method is simple, low- 
cost and scalable for mass production. 
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